Abstract-A novel SBR based on simulating photovoltaic aeration for organics removal was established for rural sewage treatment. Short-term effects of aeration rate and temperature on soluble chemical oxygen demand (SCOD), ammonium (NH4 + -N) and dissolved total phosphorous (DTP) removal processes were investigated, and suitable real-time control parameters for organics removal process were selected. The results showed that organic removal process can be divided into the rapid degradation stage and the recalcitrant degradation stage. In the organic matter rapid degradation stage, when temperature was constant (25°C), the increase in aeration rate resulted in a positive impact upon the SCOD decrease rate and the amount of NH4 + -N assimilated by heterotrophic bacteria. The slope changes in DO profiles (dDO/dt) were found to better represent the organic degradation process, which could be used for real-time control of the organics removal process after smoothing.
I. INTRODUCTION
The proportions of domestic sewage treated are as low as 18.1% for county towns and 4.9% for rural villages by 2009, in China [1] . The direct discharge of those poorly treated or untreated sewage containing large amount of nitrogen, phosphorus and organic matter is responsible for many water bodies pollution [2, 3] and is a potential threat to public health [4, 5] .
Biological wastewater treatment technologies have been successfully used for rural sewage treatment, and are able to remove COD, nitrogen and phosphorus effectively. However the high energy consumption of these technologies is often cited as the main barrier to their wide application in rural areas [6] . In order to overcome this limitation, some researchers proposed to use the hybrid energy system combining conventional and the renewable energy resources to meet the energy requirement of the rural sector wastewater treatment plants [7] , and others attempted to solely use the novel photovoltaic technology without batteries for rural sewage treatment, further reducing the dependence of sewage treatment facilities on grid system and the construction costs.
Han et al. [6] reported an innovative integrated system utilizing solar energy as power for decentralized wastewater treatment in Beijing, China. Additionally, our previous study using a pilot-scale photovoltaic intermittent aeration A/O reactor for rural domestic wastewater treatment in Dali, Yunnan province, China. Compared to the anaerobic reactor, the photovoltaic intermittent aeration A/O reactor could significantly improve the COD, NH 4 + -N, TN and TP removal efficiency, and it was successfully applied to engineering practice [8] .
The ORP and DO levels can successfully indicate the oxidative and biological state of the wastewater, and pH is a good indicator of ongoing biological reactions [9, 10] . However, the usefulness of the information provided by those bending points is site-dependent [11] . For different COD/TKN ratios of raw wastewater, the time points when the bending points in ORP and DO profiles appear vary largely, and there is no clear bending points in some conditions [12] [13] [14] The objective of this work is to removal organic matter in rural domestic wastewater treatment by a novel SBR based on simulating photovoltaic intermittent aeration to reduce operational cost and avoid inhibition on subsequent nitrification, and investigate the effects of temperature and aeration rate on organic matter and nutrients removal processes. In addition, the correlation between the COD removal process and the ORP, DO and pH profiles was identified for potential reel-time on-line application.
II. MATERIALS AND METHODS

A. Experimental Set-up
The SBR reactor used in this study was a 28.3L plexiglass vessel with the working volume of 25 L and 190 mm in diameter and 1000 mm in height.
Since the solar energy is abundant in the southwest of China [15] , offering significant opportunity for the application of photovoltaic aeration for wastewater treatment, the operation mode of the reactor is designed according to the solar resource of these areas. The SBR was working in daytime (8:15-17:25) and idling at night (17:25-next day 8:15). During the first 5 min of the cycle, 12.5 L wastewater was delivered into the reactor and the same amount of liquid was discharged at the end of the cycle, giving a volumetric replacement ratio of 50%.
B. Seed Sludge and Wastewater Composition
The reactor was seeded with the return sludge of a local municipal wastewater treatment plant in Beijing, China. The 
C. Analytical Methods
The pH was detected on line using Hach HQ30d meter. ORP and DO were monitored by Hach HQ40d meter. The SBR system performance was monitored by a variety of parameters including SCOD, NH4
--N and DTP. All chemical analyses were performed in accordance with standard methods given in APHA [16] . Samples were collected at 10-30min intervals. All samples were analyzed after filtration through 0.45 μm filter paper.
III. RESULTS AND DISCUSSION
A. The Effect of Aeration Intensity on Pollutants Removal
Processes Figure 1 shows the variations of SCOD, NH4
--N and DTP during the reaction stage of the first cycle under the aeration rate of 1.0 L/min, 0.5 L/min, respectively, while the water temperature was maintained at 25°C. The organic removal process in all conditions can be divided into the rapid degradation stage and the recalcitrant degradation stage. In the rapid degradation stage, the higher the aeration rate, the faster SCOD decrease and the greater amount of NH 4 + -N was assimilated by heterotrophic bacteria. This result is in agreement with the observation of Tang et al. [17] .
Nitrate and nitrite were less than 0.5 mg/L during the organic matter rapid degradation stage under the aeration rate of 1.0 L/min and 0.5 L/min. Both nitrate and nitrite increased due to nitrification during the organic matter recalcitrant degradation stage, however, the nitrification rate was much lower than reported conventional SBR used for organic matter removal [17, 18] , while the influent COD was lower than the inhibition level [18] . The main reason for the low nitrification rate in this study could be that nitrification was hampered by long-term anoxic or anaerobic condition. Hu et al. [19] showed that the average specific ammonia oxidation rate and average specific nitrite oxidation rate exhibited an decrease of 46.8% and 36.3%, respectively, after 12 h anoxic treatment.
Biological phosphorus removal process is regulated by multiple operational factors, while it is indeed capable of efficient phosphorus removal performance, the stability and reliability can be a problem [20, 21] . In this study, the DTP increased during the earlier stage of reaction due to phosphorus release. Subsequently, a continuous decrease was found..
Under the aeration of 0.5 L/min, phosphorus removal was not obvious, since the insufficient SCOD resulted in inadequate phosphorus release (Figure 1b) . 
B. Implication of DO Profiles
There were obvious breaking points in SCOD profiles. In practice, if the important points are accurately captured and cut-off the aeration immediately can not only ensure the treatment efficiency, but also avoid excessive aeration, reduce energy consumption and increase facility treating capacity.
Offline measurement of COD is often time consuming and costly, and because of time lapse may decrease the control accuracy of the system [27] . Real-time control of SBR is a widely accepted and growing practice for these simple sensors offer an attractive alternative to offline measurement because they are characterized by low investment and maintenance costs, and a straightforward operation. Figure 2 shows the changes of SCOD with the ORP, pH and DO profiles in the first cycle of the SBR under different operation conditions. Some researchers reported that ORP is a robust indirect real-time control parameter for nutrients removal in SBRs [10] [11] [12] [13] [14] . However, in this study, the ORP profiles show poor repeatability and weak correspondence with COD degradation process (Figure 2 ), the undesirable results may be caused by the probe fouling after immersed in wastewater for certain period [28] .
With respect to the pH profile pattern, a decrease was observed in the beginning of the REACTION stage. Since aeration was initiated in this stage, the resuspension of the settled activated sludge resulted in the pH reduction, probably due to fermentation byproducts [29] . The pH kept decreasing until an turning point appeared indicating the fermentation byproducts were gradually consumed and CO 2 expelled from the solution by air-stripping raised pH. The differences in pH profiles may be caused by the variation in the loading rate due to the influent strength fluctuation and the extend of biological reactions, e.g. ammonification, nitrification/denitrification and phosphorus release/uptake under different operation conditions. Therefore, if the pH profile was used for real-time control of the reaction stage, failure of the organics removal process control would have resulted during the operation. In contrast with OPR and pH profiles, the DO profiles were able to duplicate the feature points (DO elbow), corresponding to the completion of organics degradation under all the operation conditions. Upon beginning aeration, a rapid increase of DO occurred within a short period of time. This increase in the DO values appears to correspond to the provision of air. Then DO appeared short-time reduction with a subsequent platform. The value of the platform varied with the operation conditions (Figure 2 ). Once the organic degradation completed, the DO profiles displayed a constant and remarkable raise and the DO elbow appeared. Therefore, the feature points observed in DO profiles indicate to have the potential for real-time control of the organic removal SBR based on photovoltaic aeration.
Detecting relative changes in sensor profiles (calculated by first derivative or second derivative) provided a more reliable control strategy for nutrient removal in SBRs [11, 30, 31] . The original DO signals and their derivatives, however, are contaminated by a substantial amount of high-frequency noise (Figure 3a) . Therefore, they must be pre-processed with digital filters to obtain good signal smoothing result, at the same time, the feature points are fairly preserved (Figure 3b) . With the aid of computer and data acquisition system, these points can be readily recognized and timely applied for the process control.
IV. CONCLUSIONS
The SBR based on photovoltaic aeration for organic removal was feasible for rural sewage treatment in those area with abundant solar energy to reduce the energy consumption or even make the wastewater treatment facilities self-sufficient. Efficient removal of SCOD can always be achieved under different operational conditions. Significant points for real-time control were identified in DO profiles. Slope changes in DO profiles (dDO/dt) were found to better represent the organic degradation process, which could be used for real-time control of the organics removal process after smoothing.
